Cubic silicon carbide (3C-SiC) offers an alternative wide bandgap semiconductor to conventional materials such as hexagonal silicon carbide (4H-SiC) or gallium nitride (GaN) for the detection of UV light and can offer a closely lattice matched virtual substrate for subsequent GaN heteroepitaxy. As 3C-SiC can be heteroepitaxially grown on silicon (Si) substrates its optical properties can be manipulated by controlling the thickness and doping concentrations. The optical properties of 3C-SiC epilayers have been characterized by measuring the transmission of light through suspended membranes. Decreasing the thickness of the 3C-SiC epilayers is shown to shift the absorbance edge to lower wavelengths, a result of the indirect bandgap nature of silicon carbide. This property, among others, can be exploited to fabricate very low-cost, tuneable 3C-SiC based UV photodetectors. This study investigates the effect of thickness and doping concentration on the optical properties of 3C-SiC epilayers grown at low temperatures by a standard Si based growth process. The results demonstrate the potential photonic applications of 3C-SiC and its heterogeneous integration into the Si industry.
Introduction
Ultraviolet (UV) photodetectors have many applications in the industrial sector, environmental sensing and safety. UV sensing can offer better efficiency in curing and sterilization processes as well as protect humans from the damaging effects of prolonged exposure to radiation from the Sun. Lowcost UV sensors would satisfy a large demand from various sectors. Due to its low-cost and scalability, silicon (Si) is often considered as a material for UV photodiodes, however, Si detectors are limited in operating temperature, are not solar blind and can be degraded by constant exposure to UV radiation, decreasing device sensitivity and increasing noise [1, 2] .
Silicon carbide (SiC) is a wide bandgap compound semiconductor which is an excellent material for UV photodetectors in terms of its ability to operate in harsh environments and withstand the damaging effects of ionizing radiation [3, 4] . SiC can be formed in various crystalline states, known as polytypes. All of them exhibit an indirect energy bandgap, see figure 1. In case of 3C-SiC the indirect energy band gap at the X point is ∼2.4 eV (520 nm) while the direct one at the Γ point is ∼6 eV (205 nm).
For bulk materials operating at room temperature or above, optical absorption occur as long as the incident light exceeds this bandgap due to the addition of momentum transfer from phonons within the crystal leading to indirect transitions. However, the cubic polytype, 3C-SiC, can be heteroepitaxially grown on Si substrates to controllable thicknesses which can manipulate the nature of phonon assisted light absorption in the material. In addition, the inclusion of impurities in the epilayer can also be used to affect the absorption of UV light within semiconductor films. Tunable photodetectors have been demonstrated with III-V ternary alloys such as aluminium gallium nitride (AlGaN) by controlling the Al impurity concentration to manipulate the bandgap of the material [5] . One of the downsides to III-V based semiconductors is that they cannot be grown within Si based growth processes which means that heterogeneous integration of wide bandgap III-Vs with Si can only really be achieved using devices on separate chips or wafer bonding techniques. 3C-SiC has the potential to integrate a wide bandgap semiconductor material with Si growth technology, however, thus far the high quality growth of 3C-SiC has relied on 'hot-wall' reactors dedicated to SiC epitaxy which increases growth costs. Recently, it was demonstrated that high quality 3C-SiC/Si epi wafers could be grown using an industrial standard Si based 'cold-wall' reduced pressure chemical vapour deposition (RP-CVD) system [6] . As well as offering greater flexibility to device design, 3C-SiC/Si based devices can significantly reduce the cost of UV photodiodes compared to those fabricated purely from hexagonal silicon carbide (4H-SiC or 6H-SiC) or GaN based compounds.
Another potential application of 3C-SiC that has attracted attention in previous years is as a virtual substrate for the heteroepitaxy of the compound semiconductor GaN for LED, radio frequency RF communications and power electronic applications. GaN has a direct bandgap of ∼3.4 eV (365 nm). 3C-SiC offers an advantage for GaN epitaxy as the lattice mismatch between the two materials is lower (∼3.5%), comparing to Si (∼17%), but allows the incorporation of GaN on a Si substrate. In addition, 3C-SiC offers the unique advantage that it can be grown on both the (111) and (001) crystal orientations, providing ideal templates for the growth of hexagonal and cubic GaN respectively. Cubic GaN in particular is of interest as it can increase efficiency of green LEDs overcoming the droop effect typically observed at green wavelengths in GaN based ternary compounds [7] . GaN LEDs are often fabricated using a flip-chip technique to increase heat dissipation and efficiency, in which the light is emitted from the underside of the GaN epilayers, typically through the sapphire substrate [8] . In order for 3C-SiC/Si to replace sapphire in the LED industry and minimise disruption to device architecture, it would be beneficial if the 3C-SiC was optically transparent to the emitted wavelengths from UV to green (200-550 nm). During device fabrication, the Si substrate can easily be removed by chemical wet etching while leaving the 3C-SiC epilayer intact as a protective coating for the GaN, providing it does not absorb light emitted from the GaN LED. Even relatively thin 3C-SiC buffer layers of ∼700 nm have been shown to improve LED performance by more than doubling the output intensity [9] . Also, GaN heteroepitaxy on the same 3C-SiC/Si substrates would enable the creation of new multi junction photodetectors with enhanced and improved light absorption in the UV spectrum.
In this study, the dependence of 3C-SiC epilayer thickness and doping concentrations on light absorption has been investigated as a first step towards a low-cost, tuneable 3C-SiC UV photodetector and determining the optimal buffer layer thickness for optical transmission from GaN based LEDs.
Experimental details
3C-SiC epilayers were grown at low temperatures by RP-CVD within an ASM Epsilon 2000 single wafer, 'cold wall' quartz chamber system at a growth temperature of equal or below 1200°C [6] . For thickness dependency measurements, a single epilayer ∼1.2 μm was grown and thinned postgrowth. The epilayer was grown on a standard on axis Si (001) substrate of ∼525 μm thickness and 100 mm diameter.
Optical transmission measurements were carried out through suspended 3C-SiC square membranes fabricated by anisotropic etching within tetramethylammonium hydroxide (TMAH), see figure 2. The alkaline resistant photoresist ProTEK PSB was spun onto the backside of the Si substrate and patterned into squares of ∼2 mm side length using UV photolithography. To reduce the thickness of the 3C-SiC membranes, the 1.2 μm thick epilayer was thinned using dry etching within a reactive ion etch system using SF 6 and O 2 gases. Thinning the 3C-SiC in this manner allows more parameters of the epilayers such as doping and surface roughness to be kept relatively constant, opposed to growing multiple layers.
The use of suspended membranes allows true absorption measurements of suspended epilayers to be made without having to consider the impact of the epilayer/substrate interface and Si substrate itself [10] . Optical transmission measurements were carried out at room-temperature by placing the suspended membranes (figure 3) in the path of a beam of light produced by a tungsten and deuterium lamp with wavelength of 200-1000 nm, see figure 4 . The transmitted beam of light was measured using a Si based spectrometer capable of measuring intensity as a function of wavelength.
The effect of doping was also investigated on suspended 3C-SiC structures by growing a ∼50 nm thick, phosphorus (P) doped (n-type) capping epilayer on the surface of a 300 nm thick intrinsic 3C-SiC buffer, see figure 5 . Extremely high levels of P doping in the range of 1×10
19 -5×10 20 cm −3 have been demonstrated, measured using secondary ion mass spectroscopy (SIMS) measurements carried out by Evans Analytical Group and confirmed to be between 50% and 100% electrically active through Hall effect measurements, results not shown here. The 300 nm buffer was introduced for two reasons, firstly it increases the quality of the 3C-SiC by allowing most of the stacking faults and other defects to annihilate before the doped epilayer was grown and it also prevents the intermixing of dopants within the Si substrate. Suspended membranes were fabricated, using the process previously described, from this new material and used to investigate the effect of the doping on the optical properties of the 3C-SiC.
Results and discussions
The as-grown 3C-SiC epilayers were found to be monocrystalline, free of tilt and almost fully relaxed with only slight residual tensile strain. These parameters were analysed using high resolution x-ray diffraction techniques and symmetric and asymmetric reciprocal space maps (RSMs) can be seen in figure 6. RSMs were acquired using a lab based Panalytical X'Pert MRD diffractometer using Cu Kα 1 radiation.
The presence of slight residual strain in the 3C-SiC epilayer is a result of the thermal mismatch between the two epilayers, however, this strain allows the fabrication of suspended membranes without the 3C-SiC films collapsing on themselves. The surface morphology of the 3C-SiC epilayers was characterized by atomic force microscopy (AFM) in Collimators were used to focus the beam through an aperture which limited the beam spot size such that it could pass through a 3C-SiC membrane. Bottom-Experimental set-up for reflectivity measurements. A multi fibred optical cable was used to both transmit and receive the beam. tapping mode using a Veeco Multimode AFM with Si 3 N 4 tips to capture the surface profile. A typical 15×15 μm 2 is shown in figure 6 . The surface roughness of the 1.2 μm thick 3C-SiC epilayer was found to be ∼5 nm offering a relatively smooth and mirror like epilayer surface which helps to reduce any unwanted scattering of light through the membranes, see figure 7 .
The optical transmission of light through the suspended membranes leads to fringes in the spectra due to the interference of light within the epilayer. This allows accurate thickness measurements of the 3C-SiC membranes as constructive interference fringes will occur at positions defined by
where m is an integer value,
is the refractive index of light through 3C-SiC for a specific wavelength (λ). Mapping the positions of these fringes allows one to extract thickness, assuming the refractive index of the 3C-SiC is known as a function of wavelength.
Effect of epilayer thickness
The transmission of light was measured through membranes of thicknesses ranging from 130 to 1270 nm, see figure 8 . As the thickness of the membranes decreases, the transmission of light at lower wavelengths increases.
The variation in the transmission at low wavelengths is shown in figure 9 , where the wavelength at which <5% of light is transmitted has been measured as a function of the membrane thickness. The value of 5% was chosen as certain thin samples exhibited complete absorption below the measurement threshold of the Si diode used in the optical measurements. An almost linear dependency is observed with the defined 5% cut-off wavelength implying that the absorption of light at these wavelengths is dominated by phonon assisted transitions which depend on the interaction volume of the thin film, hence the transmission decreases with thickness.
The reflectance spectrum was obtained for the sample of ∼580 nm thickness, see figure 10 . Reflectance fringes align with the transmission signal. As the wavelength reduces, the reflectance signal decreases as it becomes dominated only by the initial reflectance off the epilayer surface whereas at longer wavelengths the reflectance includes the signal due to reflection off the rear interface. The reflectance coefficient decreases to 0.3 at 225 nm wavelength which corresponds to a 3C-SiC refractive index of 3.58 using the Fresnel equation for reflectance given by
Not being able to simultaneously measure the reflectance and transmission using this experimental set-up led to systematic errors between the two measurements as can be seen in figure 10 as T+R does not entirely eliminate the fringe effects. Another useful feature to note is that total light measured at long wavelengths is not equal to 100% indicating that some light may be being scattered by the non-uniform surface of the epilayers or that the crystalline defects within the 3C-SiC are introducing intermediate states within the bandgap that are enabling sub-gap absorption.
The value of T+R gives the total amount of light not absorbed through the sample, therefore the attenuation coefficient (α) can be determined using the approximate relationship
where t is the thickness of the sample. Using this value the penetration depth (δ) can be calculated using
this is plotted in figure 11 . The measured attenuation coefficient is only valid for short wavelengths where reflection interference patterns are not observed as equation (3) does not take into account light that is reflected back off the rear interface of the membrane which effectively increases the sample thickness and overestimates light absorption.
Effect of n-type doping
Transmission spectra were also obtained for heterostructures with high levels of n-type doping. The doping levels in the three heterostructures were determined through SIMS measurements, which calculated the levels of P and background N in the epilayers. A noticeable shift in the spectra at low wavelengths can be observed indicating that even the presence of a thin doped 3C-SiC epilayer within a larger heterostructure can have an effect on the absorption of light within the layer, see figure 12 . The doped capping layer was maintained at 50 nm for two samples, however, the high level of dopant incorporation in the highest doped sample led to a reduced thickness of 30 nm which causes the change in oscillation period. From previous results, a thinner epilayer would increase the transmission at low wavelengths, however, in this case the high level of doping continues to increase the optical absorption in the layer at short wavelengths. This is an important factor to be considered when designing a photosensitive 3C-SiC based device and could potentially influence the operation of other devices where highly doped regions of 3C-SiC are introduced to reduce contact resistance. The origin of this shift in transmission spectra cannot be ascertained using the measurements carried out in this study. The incorporation of high levels of n-type dopants has been modelled to reduce the bandgap of 3C-SiC by ∼200 meV at doping levels of 10 20 cm −3 which would increase optical absorption [11] . Alternatively, the presence of P in the band structure could offer intermediate states for electron excitation. As P is a shallow impurity in 3C-SiC, typically at around 48 meV from the conduction band the effect would only be subtle as shown in the presented results [12] . Either of these effects could explain the shift in the transmission data.
Conclusions
As silicon carbide is an indirect bandgap semiconductor its optical properties are highly dependent on its thickness. This property can be exploited in 3C-SiC as it can be epitaxially grown on Si substrates with precise control over properties such as thickness and doping. The results of this investigation demonstrate that 3C-SiC offers a route to tuneable UV photodetectors or can offer a protective coating on UV susceptible devices by simply manipulating the thickness and doping profile of the material. Using the novel 3C-SiC growth process invented by the authors at the University of Warwick, these results demonstrate that 3C-SiC can be integrated directly with the growth of Si or other group IV semiconductors (SiGe, Ge, GeSn) for true heterogeneous integration of narrow and wide bandgap semiconductors on integrated circuits and devices. As a potential virtual substrate for GaN growth, traditional flip-chip fabrication techniques are not possible on bulk 4H-SiC without first removing the substrate, which is a challenge with SiC. However, fabricating GaN based LEDs on 3C-SiC offers an opportunity to emit light through the 3C-SiC without significant losses while the layer can also act as a mechanically robust, radiation resistant protective coating on the GaN device also acting as a diffusion barrier from foreign species. The results from this study suggest that for green wavelengths (∼550 nm) 3C-SiC epilayers up to ∼1 μm can transmit a significant proportion of light, while for blue wavelengths (∼400 nm) and below the epilayer thickness will need to be reduced to allow such transmission. Another option is to reduce the doping concentration of the 3C-SiC as unintentional doping in the layers could lead to unwanted absorption and it is also speculated that the high density of defects in the 3C-SiC/Si interface could be leading to increased absorption at higher wavelengths. Removal of the Si substrate allows one to access and treat/etch away this defective region which could be a method to improve optical properties of these films.
As 3C-SiC can now be grown on silicon substrates using standard cold-wall based RP-CVD epitaxial processes, the material could potentially be grown on wafer diameters up to 300 mm and beyond. 3C-SiC offers an interesting material for photonic applications and the demonstrated epilayers will not only significantly reduce the cost of 3C-SiC based devices but also allow 3C-SiC to be integrated with other device structures that are commonly fabricated on Si substrates.
